Disruption of Slc4a10 augments neuronal excitability and modulates synaptic short-term plasticity by Anne Sinning et al.
ORIGINAL RESEARCH
published: 16 June 2015
doi: 10.3389/fncel.2015.00223
Disruption of Slc4a10 augments
neuronal excitability and modulates
synaptic short-term plasticity
Anne Sinning 1,2†, Lutz Liebmann 1† and Christian A. Hübner 1*
1 Institute of Human Genetics, University Hospital Jena, Friedrich Schiller University Jena, Jena, Germany, 2 Institute of
Physiology, University Medical Center of the Johannes Gutenberg University, Mainz, Germany
Edited by:
Claudio Rivera,
Aix-Marseille University, France
Reviewed by:
Annalisa Scimemi,
SUNY Albany, USA
Tomi Taira,
University of Helsinki, Finland
*Correspondence:
Christian A. Hübner,
Institute of Human Genetics,
University Hospital Jena, Friedrich
Schiller University Jena,
Kollegiengasse 10, D-07743 Jena,
Germany,
christian.huebner@med.uni-jena.de
†These authors have contributed
equally to this work.
Received: 27 March 2015
Accepted: 27 May 2015
Published: 16 June 2015
Citation:
Sinning A, Liebmann L and Hübner
CA (2015) Disruption of Slc4a10
augments neuronal excitability and
modulates synaptic short-term
plasticity.
Front. Cell. Neurosci. 9:223.
doi: 10.3389/fncel.2015.00223
Slc4a10 is a Na+-coupled Cl−-HCO3− exchanger, which is expressed in principal and
inhibitory neurons as well as in choroid plexus epithelial cells of the brain. Slc4a10
knockout (KO) mice have collapsed brain ventricles and display an increased seizure
threshold, while heterozygous deletions in man have been associated with idiopathic
epilepsy and other neurological symptoms. To further characterize the role of Slc4a10
for network excitability, we compared input-output relations as well as short and long
term changes of evoked field potentials in Slc4a10 KO and wildtype (WT) mice. While
responses of CA1 pyramidal neurons to stimulation of Schaffer collaterals were increased
in Slc4a10 KO mice, evoked field potentials did not differ between genotypes in
the stratum radiatum or the neocortical areas analyzed. Paired pulse facilitation was
diminished in the hippocampus upon disruption of Slc4a10. In the neocortex paired
pulse depression was increased. Though short term plasticity is modulated via Slc4a10,
long term potentiation appears independent of Slc4a10. Our data support that Slc4a10
dampens neuronal excitability and thus sheds light on the pathophysiology of SLC4A10
associated pathologies.
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Introduction
Proper brain function depends on a well-balanced interplay between excitation and inhibition.
Disturbing this balance can cause severe neurological disorders like epilepsy. GABA is the main
inhibitory neurotransmitter in the central nervous system, which mainly acts via GABAA and
GABAB receptors. While the latter are metabotropic receptors that are linked to potassium
channels via G-proteins, GABAA receptors are ligand-gated anion channels that mainly conduct
chloride and bicarbonate at physiological conditions. In the developing brain the Na+-K+-Cl−
co-transporter NKCC1 and AE3/Slc4a3 (Hentschke et al., 2006; Pfeffer et al., 2009) accumulate
chloride into neurons. Thus, opening of GABAA receptors causes a depolarizing efflux of chloride,
which is deemed to be important for the development of the neuronal circuitry (Ben-Ari, 2002).
With the incipient expression of the neuronal K+/Cl− co-transporter KCC2, i.e., in the second
postnatal week in rodents the chloride gradient reverses (Rivera et al., 1999; Stein et al., 2004). As
a consequence the opening of GABAA receptors typically results in a hyperpolarizing influx of
chloride, which is the correlate of fast synaptic inhibition.
The bicarbonate gradient always results in a depolarizing efflux of bicarbonate upon opening
of GABAA receptors (Rivera et al., 2005; Farrant and Kaila, 2007; Hübner and Holthoff, 2013).
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In neurons with a rather hyperpolarized resting membrane
potential and a low intracellular chloride concentration this
current can exceed the chloride current and thus result
in bicarbonate dependent depolarization (Kaila and Voipio,
1987; Hübner and Holthoff, 2013). However, the role of
bicarbonate and hence the role of neuronal mechanisms to
control intracellular bicarbonate levels are often neglected. In
neurons, bicarbonate transport is mainly mediated by members
of the SLC4A family of proteins. While the Na+-independent
anion-exchanger SLC4A3 lowers the intraneuronal bicarbonate
concentration, the Na+-dependent anion exchangers SLC4A8
(NDCBE) and SLC4A10 (NCBE) use the sodium gradient
to accumulate bicarbonate in exchange of chloride (Chesler,
2003; Romero et al., 2013). The raise in the intracellular
bicarbonate concentration may augment the depolarizing efflux
of bicarbonate upon activation of GABAA receptors; however,
both transporters also extrude chloride and thereby increase the
gradient for a hyperpolarizing chloride current. Moreover, the
transport of bicarbonate is inseparably linked to changes in pH
with consequences for both neuronal excitability and synaptic
transmission (Chesler and Kaila, 1992; Sinning and Hübner,
2013). Thus, it is quite difficult to predict the consequences
of the disruption of either SLC4A8 or SLC4A10 on neuronal
excitability.
Although in mice both transporters are broadly expressed
within the brain (Hübner et al., 2004; Damkier et al., 2007;
Chen et al., 2008; Sinning et al., 2011), there are some notable
differences: while Slc4a8 is restricted to excitatory principal
neurons, Slc4a10 also localizes to inhibitory neurons (Jacobs
et al., 2008). Slc4a8 is enriched in presynaptic nerve terminals
(Sinning et al., 2011; Burette et al., 2012) and supports glutamate
release in a pH-dependent manner. As a consequence Slc4a8-
deficient mice display an increased seizure threshold (Sinning
et al., 2011). Slc4a10-knockout mice also have an increased
seizure threshold, however, the neurological phenotype is more
complex and includes visual impairment (Hilgen et al., 2012) and
collapsed brain ventricles (Jacobs et al., 2008). The latter is most
likely owed to a compromised production of the cerebrospinal
fluid, because Slc4a10 is prominently expressed in choroid plexus
epithelial cells (Praetorius et al., 2004). Surprisingly, different
neurological disorders including idiopathic epilepsy have been
associated with heterozygous deletions of large genomic regions
spanning the human SLC4A10 (Gurnett et al., 2008; Krepischi
et al., 2010; Belengeanu et al., 2014).
Aim of the present study was to better characterize the
role of Slc4a10 for neuronal excitability and plasticity of
synaptic connections in different brain regions. Extracellular
field recordings of acute brain slice preparations revealed an
increase of somatic field responses and a lower paired pulse ratio
in the hippocampal CA1 region of Slc4a10 KO mice, while long-
term potentiation (LTP) in response to tetanic stimulation was
not changed. In the visual and auditory cortex, synaptic short
term plasticity was modulated, but amplitudes of evoked field
responses were unchanged. No genotype-dependent differences
in LTP induced by tetanic stimulation were noted in the
cortex. Taken together, these data suggest that Slc4a10 plays an
important, so far unknown role as a modulator of synaptic short
term plasticity in different neocortical areas. Slc4a10 dampens
the excitability of CA1 pyramidal neurons and may thus act as
a regulator of the excitation/inhibition balance in the brain.
Materials and Methods
Animals
All experiments were approved by the responsible local
institutions and complied with the regulations of the National
Institutes of Health and those of the Society of Neuroscience
(Washington, DC, USA). Constitutive knockout (KO) mice were
generated as described earlier (Jacobs et al., 2008). In brief,
deletion of exon 12 of the Slc4a10 gene, which encodes for the
first of the predicted transmembrane spans of Slc4a10, leads
to a frame shift and a premature stop codon in exon 13.
Total KO and Slc4a10 wild type (WT) mice were generated
from heterozygous matings in a pure C57/Bl6 background.
Mice were group-housed on a 12 h light–dark cycle and
fed with food and water ad libitum. For all experiments we
used littermates with a 50/50 gender ratio from heterozygous
matings.
Slice Preparation for Electrophysiological
Recordings
400-µm-thick coronal brain slices were prepared from 2–3-
month-old mice and equilibrated in aCSF (in mM: 120 NaCl,
3.5 KCl, 1.3 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2, 10 D-glucose,
25 NaHCO3; gassed with 95% O2/5% CO2, pH 7.3) at RT for
at least 1 h, as described previously (Liebmann et al., 2008).
Slices were transferred to an interface recording chamber and
perfused with oxygenated aCSF (2–3 ml/min) at 34◦C. For LTP
recordings, horizontal brain slices and a slightly modified aCSF
(in mM: 124 NaCl, 3 KCl, 1.5 MgSO4, 1.25 NaH2PO4, 2 CaCl2,
10 D-glucose, 24 NaHCO3) were used to prevent the occurrence
of spreading depressions or epileptiform discharges after high
frequency stimulation.
Cortical and Hippocampal Field Potential
Recordings: Paired Pulse Paradigm
Evoked field potentials were investigated on coronal brain
sections by placing of bipolar stimulating electrodes with
a tip separation of 100 µm (SNE-200X, Science-Products,
Germany) onto layer VI of the cortex or the Schaffer
collaterals of the hippocampal CA3 area, respectively. Upon
stimulation (pulse duration 50µs), field potentials were recorded
using glass microelectrodes (impedance 2–5 MΩ, filled with
aCSF) impaled into the cortical layer II/III of the cortex.
In the hippocampus evoked field potentials were recorded
simultaneously from the stratum radiatum and the stratum
pyramidale of the CA1 area as described previously (Sinning
et al., 2011). For all experiments stimulus intensity was gradually
increased until responses saturated (0–70 V) and the half-
maximal stimulus intensity was determined (inter-stimulus
interval 30 s). After determination of the half-maximal stimulus
intensity, paired-pulse stimuli were applied with inter-stimulus
intervals of 15, 20, 30, 50, 80, 120, 180, 280, 430, 650 and
1000 ms.
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Data of field potential recordings were collected with
an extracellular amplifier (EXT-02, NPI, and Germany), low
pass filtered at 4 kHz and digitally stored with a sample
frequency of 10 kHz. Analysis of field potential recordings was
performed using the software ‘‘Signal’’ (Cambridge Electronic
Design, UK). Absolute amplitudes and slopes were analyzed
for population spikes (PS) and population synaptic responses
(fEPSP), respectively. To assess fEPSP-PS coupling, slopes of
fEPSP recorded in the stratum radiatum and the amplitudes
of the simultaneously recorded respective PS in the stratum
pyramidale were correlated. For the comparison between
genotypes mean PS amplitudes within fEPSP slope bins of
0.5 mV/ms were calculated.
Cortical and Hippocampal Field Potential
Recordings: LTP
For hippocampal LTP recordings, Schaffer collaterals were
stimulated in the CA3 region of the hippocampus by a bipolar
stimulation electrode (PI2ST30.1A3, tip separation 75 µm,
Science Products, Germany). Recordings were performed from
the stratum radiatum and the stratum pyramidale of the
hippocampal CA1 region and fEPSP amplitudes and PS slopes
analyzed, respectively. For cortical LTP, stimulation electrodes
were placed in layer VI of the cortex and recordings were
performed in cortical layer II/III. After determination of the half
maximal stimulus intensity a stable baseline of responses was
recorded for 20 min with a stimulation frequency of 0.05 Hz.
LTP was induced by repeated high frequency stimulation with
half-maximal stimulus intensity (2 × 100 pulses at 100 Hz,
inter stimulus interval 1 s) in the hippocampus and in the
cortex (5 × 100 pulses at 100 Hz). Evoked responses were
recorded subsequently for 60 min with a stimulus frequency
of 0.05 Hz. Slopes of hippocampal fEPSPs and PS and cortical
fEPSP amplitudes were normalized to its mean during baseline
recording.
Immunohistochemistry
Free-floating cryosections (50 µm) were stained with a
polyclonal rabbit anti-Slc4a10 antibody (Jacobs et al., 2008).
For co-stainings, the following primary antibodies were used:
polyclonal guinea pig anti-vesicular GABA transporter (VGAT,
1:500, Synaptic Systems) and polyclonal guinea pig anti-
GABAA receptor subunit α5 (1:4000; Redecker et al., 2000).
Alexa Fluor 488- and 555-coupled goat anti-rabbit and goat
anti-guinea pig antibodies were used as secondary antibodies
(1:1000, Invitrogen). Analysis was performed using an inverted
fluorescence microscope equipped with an ApoTome (Cell
Observer, Zeiss).
Statistical Analysis
Data are presented as mean ± SEM. Statistical analysis of
two experimental groups was performed with the parametric
two tailed Student’s t-test. In experiments that included
repeated measurements, differences between groups were
tested by repeated-measures ANOVA. If applicable, subsequent
Bonferroni post hoc tests were applied. Significance was
considered at p values<0.05.
Results
Disruption of Slc4a10 Increases Somatic Field
Potentials in the Hippocampus
To assess whether the disruption of Slc4a10 affects network
excitability, we recorded evoked field potentials in different
regions of acute brain slices of Slc4a10 KO and WT mice and
analyzed input-output relationships. Firstly, evoked extracellular
field responses of CA1 pyramidal neurons to a single stimulation
of the Schaffer collaterals were analyzed. Whereas slopes
of fEPSP recorded in the stratum radiatum did not differ
between genotypes (Figures 1A,C; repeated-measures ANOVA,
F = 0.47; p = 0.50), PS amplitudes recorded in the stratum
pyramidale were increased in Slc4a10 KO mice (Figures 1B,D;
repeated-measures ANOVA, F = 4.16; p = 0.04). Half-maximal
stimulation intensities did not differ between genotypes (KO
39.4 ± 6.8 V; WT 32.8 ± 5.1 V; n = 27/22; Student’s
t-test p = 0.50). Next, we correlated slopes of evoked
fEPSP with the respective population spike amplitudes. This
analysis revealed that a larger population spike amplitude in
KO mice manifests with a more efficient coupling between
the synaptically driven fEPSP-slope and the action-potential
derived PS-amplitude in the hippocampus (Figure 1E; repeated-
measures ANOVA, F = 8.52; p < 0.0001). These results suggest
an increased excitability of CA1 pyramidal neurons and a
positive shift in fEPSP/PS coupling efficiency in Slc4a10 KO
mice.
Slc4a10 Modulates Synaptic Short Term
Plasticity in the Hippocampus
For the analysis of short term plasticity, we applied paired
stimuli with a varying inter-stimulus interval (15–1000 ms) to
Schaffer collaterals and compared paired pulse ratios between
genotypes. In recordings from the stratum radiatum of slices
from Slc4a10 KO mouse brains we did not observe significant
changes in the paired pulse ratios of the slopes of fEPSP2
and fEPSP1 (Figures 1F,G; repeated-measures ANOVA, F
= 1.38; p = 0.25). In agreement with the unaltered input-
output relationship, there was also no change in the slope of
the response to the first half-maximal stimulus (Figure 1H;
KO: 1.25 ± 0.15 mV; WT: 1.00 ± 0.12 mV; n = 18/17;
Student’s t-test p = 0.21). In the stratum pyramidale, however,
the PS amplitude at half-maximal stimulus intensity was
increased (Figure 1K; KO: 5.75 ± 0.65 mV; WT: 3.39 ± 0.30
mV; n = 18/22; Student’s t-test p = 0.001), while the paired
pulse ratio was decreased (Figures 1I,J; repeated-measures
ANOVA, F = 5.12; p = 0.03) upon disruption of Slc4a10.
The Bonferroni post hoc analysis revealed that the genotype-
dependent difference in paired pulse ratio only applies to
an inter-stimulus interval of 80 and 120 ms (80 ms: KO
1.60 ± 0.09, WT 2.08 ± 0.11; n = 18/22; Bonferroni post
hoc test p < 0.05; 120 ms: KO 1.47 ± 0.07, WT 1.95 ± 0.11;
n = 18/22; Bonferroni post hoc test p < 0.05). Thus, paired
Schaffer collateral stimulations showed that the increase
in somatic excitability of CA1 hippocampal neurons is
accompanied by a decreased paired pulse ratio in the stratum
pyramidale.
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FIGURE 1 | Disruption of Slc4a10 increases somatic field potentials in
the hippocampus. (A,B) Representative examples of fEPSPs recorded in the
stratum radiatum (A) and stratum pyramidale (B) in WT and KO slices upon
stimulation of Schaffer collaterals with increasing stimulus intensity (0–60 V),
respectively. (C) Slopes of fEPSPs recorded in the stratum radiatum of CA1 are
independent of Slc4a10 (p > 0.05; n = 20/19). (D) CA1 population spike
amplitudes upon stimulation of Schaffer collaterals were increased in acute
brain slices of Slc4a10 KO mice (p = 0.04; n = 22/27). (E) The correlation
between the slope of fEPSP recorded in the stratum radiatum and the
amplitude of PS in the stratum pyramidale revealed a significant increase in
spike coupling (p < 0.001, n = 14/14). (F) Exemplary traces of fEPSP recorded
in the stratum radiatum (F) upon repeated stimulation of Schaffer collaterals
with an inter-stimulus interval of 120 ms in WT and KO slices. (G) Disruption of
Slc4a10 had no impact on dendritic paired-pulse facilitation (p > 0.05; n =
18/17). (H) Mean fEPSP slopes upon stimulation with half-maximal stimulus
intensity did not differ between genotypes (p > 0.05; n = 18/17). (I) Exemplary
responses of fEPSP recorded in the stratum pyramidale upon repeated
stimulation of Schaffer collaterals with an inter-stimulus interval of 120 ms in WT
and KO slices. (J) Paired-pulse facilitation at an inter-stimulus interval of 80 and
120 ms was decreased (p = 0.04; n = 18/22). (K) Note, at half-maximal stimulus
intensity the mean first PS amplitude also showed a significant increase in KO
slices. (p = 0.001; n = 18/22). *p < 0.05 **p < 0.005 ***p < 0.001.
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Slc4a10 Deletion does not Affect Long-Term
Potentiation in the Hippocampus
We next assessed whether disruption of Slc4a10 also affects
hippocampal long-term plasticity. For this purpose we stimulated
Schaffer collaterals with a tetanic stimulation and analyzed
evoked postsynaptic potentials of CA1 pyramidal neurons.
We compared early (averaged changes to baseline from 0
min to 5 min) and late (averaged changes to baseline from
55 min to 60 min) potentiation of postsynaptic excitability
after two trains of 100 pulses at 100 Hz. Normalized field
responses in the stratum radiatum were likewise increased
after high frequency stimulation but there was no difference
between genotypes (Figures 2A,C; early potentiation: KO
193.0 ± 7.2%, WT 178.6 ± 19.0%, n = 11/11, Student’s
t-test p = 0.81; late potentiation: KO 149.0 ± 5.8%, WT
140.6 ± 12.7%, n = 11/11, Student’s t-test p = 0.53). Also,
LTP recorded from the stratum pyramidale did not differ
between genotypes, neither in the early phase (Figures 2B,D;
KO 517.4 ± 78.2%, WT 529.7 ± 68.7%, n = 11/11, Student’s
t-test p = 0.91), nor in the late phase (KO 338.4 ± 69.4%,
WT 304.4 ± 38.3%, n = 11/11, Student’s t-test p = 0.67).
Taken together, these results do not support an important role
of Slc4a10 for the induction or maintenance of LTP in the
hippocampus.
Slc4a10 is Expressed in Cortical GABAergic
Synapses and Modulates Synaptic Short Term
Plasticity in the Cortex
Slc4a10 is abundantly expressed in the somatodendritic
compartment of hippocampal as well as cortical principal
neurons (Jacobs et al., 2008; Song et al., 2014). To specify
whether Slc4a10 localizes to synapses we performed double
immunostainings of WT brain slices for Slc4a10 and different
synaptic markers. In the visual cortex we found a substantial
co-localization of Slc4a10 with VGAT, a marker of GABAergic
presynapses (Figure 3A′–A′′′), and the GABAA receptor subunit
α5, as a marker for GABAergic postsynapses (Figure 3B′–B′′′).
To assess the role of Slc4a10 for excitability and plasticity in
cortical neurons, we recorded evoked field responses of layer
2/3 neurons in response to stimulation of cortical layer 6 in
both the visual and the auditory cortex. No differences were
observed in field potential amplitudes, neither in response to
stimulation with an increasing stimulus intensity (Figures 4A,C;
n = 44/52 repeated-measures ANOVA, F = 0.62; p = 0.24), nor in
the average response to repetitive stimulation with half-maximal
stimulus intensity (Figure 4E; KO 3.26 ± 0.26, WT 3.39 ± 027;
n = 40/50; Student’s t-test p = 0.85). Paired pulse stimulation
revealed a significantly decreased paired pulse ratio in KO slices
(Figures 4B,D; n = 40/50; repeated-measures ANOVA, F = 6.21;
FIGURE 2 | In the hippocampus long-term potentiation is not affected
by disruption of Slc4a10. (A,B) Representative examples of dendritic and
somatic field responses recorded in the hippocampal stratum radiatum and
stratum pyramidale of WT and KO slices before and after high frequency
stimulation of Schaffer collaterals. (C) Dendritic LTP recorded in the stratum
radiatum of CA1 after high frequency stimulation is unaltered in KO slices
(p > 0.05; n = 11/11). (D) Similarly, no genotype-dependent difference was
observed in the potentiation of the population spike amplitude recorded in
the stratum pyramidale after high frequency stimulation (p > 0.05;
n = 11/11).
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FIGURE 3 | Synaptic expression of Slc4a10 in the cortex. (A′–A′ ′ ′)
Overlap of Slc4a10 and VGAT, a marker for GABAergic presynapses (green:
Slc4a10, red: VGAT). (B′–B′ ′ ′) Slc4a10 co-localizes also with the postsynaptic
GABAA-receptor in cortical neurons (green: Slc4a10, red: GABAA- α5).
p = 0.015). Post hoc analysis revealed that genotype-dependent
differences only applied to inter-stimulus intervals of 15 and
120 ms (15 ms: KO 0.65 ± 0.03, WT 0.76 ± 0.03; 120 ms: KO
0.82± 0.03, WT 0.93± 0.03, KO; n = 40/50; Bonferroni post hoc
test p< 0.05).
These results suggest that Slc4a10 co-localizes with pre- and
postsynaptic markers of GABAergic synapses in the cortex and
modulates synaptic short-term but not long-term plasticity in the
cortex.
Slc410 does not Affect Long-Term Potentiation in
the Cortex
Finally, we addressed the functional role of Slc4a10 on long term
plasticity in the cortex and compared absolute amplitudes of
synaptic population responses evoked in cortical layers 2/3 upon
tetanic stimulation within cortical layer 6 of WT and KO slices.
Normalized field responses were increased upon high frequency
stimulation in both groups (Figure 4F), but comparison of
potentiation in the early and late phase of LTP did not reveal
differences between genotypes (Figures 4F,G; early potentiation:
KO 135.4 ± 5.5%, WT 139.5 ± 7.9% n = 6/5, Student’s t-test
p = 0.84; late potentiation: KO 123.1 ± 7.9%, WT 124.5 ± 4.9%,
n = 6/5, Student’s t-test p = 0.89).
Thus, these results suggest that also in the cortex Slc4a10 does
not have an important functional role neither for the induction
nor for the maintenance of LTP.
Discussion
Here, we show that disruption of Slc4a10 increases the
excitability of CA1 pyramidal neurons in the somatic but not
the dendritic compartment. Paired pulse facilitation of PS was
decreased in the stratum pyramidale, while it was not changed
in the stratum radiatum. Short-term plasticity was also altered
in different cortical areas, while amplitudes of evoked field
potentials did not differ between genotypes. Hippocampal and
cortical LTP were not changed in Slc4a10 KO mice.
Sub-Regional Differences in Slc4a10-Dependent
Alterations of Single Evoked Field Potentials in
the Hippocampus
Field potentials recorded in different compartments of the
hippocampal CA1 region have different electrophysiological
origins: while there is a graded dendritic potential in the
stratum radiatum, the action-potential based population spike
recorded from the stratum pyramidale originates at the axon
hillock. Increased amplitudes of field potentials in the stratum
pyramidale in Slc4a10 KO mice indicate that the expression of
Slc4a10 decreases the likelihood of action potential generation
for a defined excitatory postsynaptic potential, a phenomenon
that is commonly described as excitatory postsynaptic potential-
or EPSP-spike coupling. Such a potentiation of CA1 response
which is also supported by a positive shift in fEPSP/PS-spike
coupling efficiency in KO slices can either be caused by a change
in the intrinsic excitability of pyramidal neurons or by impaired
GABAergic inhibition (Daoudal et al., 2002; Staff and Spruston,
2003). While there is considerable GABAergic input to the
stratum pyramidale, it is sparse in the distal stratum radiatum.
Consequently, changes in GABAergic inhibition are more likely
to affect somatic excitability (Megías et al., 2001). Because of
the strong expression of Slc4a10 in hippocampal interneurons
(Jacobs et al., 2008; Song et al., 2014), changed PS, unaltered
fEPSP slopes in the stratum radiatum and a positive shift in
the fEPSP/PS-spike coupling efficiency may be indicative for a
compromised GABAergic inhibition upon disruption of Slc4a10.
Slc4a10 Affects Short-Term but not Long-Term
Plasticity at Hippocampal Synapses
Multiple forms of short-term plasticity including facilitation
and depression co-occur at synapses (Raimondo et al., 2012).
Nevertheless, short-term plasticity of hippocampal synaptic
connections is dominated by facilitation. Facilitation is
the consequence of residual presynaptic calcium after the
conditioning pulse, which transiently increases transmitter
release probability (Katz and Miledi, 1968; Zucker and Regehr,
2002). At short intervals (<50 ms) the response to the second
stimulus is limited via GABAA dependent feed forward
inhibition, while at intervals between 100–125 ms activation of
presynaptic GABAB autoreceptor activation dominates (Davies
et al., 1990; Steffensen and Henriksen, 1991). The decrease in
paired-pulse facilitation at 80 and 120 ms interstimulus intervals
is thus compatible with a modulation of GABAB receptor
mediated inhibition in the hippocampus in Slc4a10 KO mice.
In contrast to the hippocampus, short-term plasticity at
neocortical synapses is dominated by depression (Deisz and
Prince, 1989; Markram and Tsodyks, 1996), which is of
multimodal origin (Zucker and Regehr, 2002). Besides classical
depletion of vesicle pools, a reduced paired pulse ratio in the
cortex is mainly attributed to activation of GABAB receptors
(Takesian et al., 2010). The reduction of paired pulse ratios
in the cortex of Slc4a10 KO mice at either 15 or 120 ms is
consistent with a modulation of both GABAA and GABAB
receptor mediated inhibition in Slc4a10 KO mice (Davies et al.,
1990; Wehr and Zador, 2005).
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FIGURE 4 | Disruption of Slc4a10 affects short term plasticity in the
occipital and temporal cortex. (A,B) Representative traces of fEPSPs
recorded in occipital and temporal cortical areas from WT and KO slices
upon single columnar stimulations with increasing stimulus intensity
(A) and paired stimulation with an interstimulus interval of 120 ms (B).
(C) Absolute fEPSP amplitudes recorded in occipital and temporal cortical
areas did not differ between genotypes (p > 0.05; n = 44/52). (D) The
paired-pulse ratio was significantly decreased in brains slices of KO mice.
This was most obvious at an inter-stimulus interval of 15 and 120 ms
(p = 0.015; n = 40/50). (E) No difference was observed for the mean
first fEPSP amplitude upon half-maximal stimulation (p > 0.05;
n = 40/50). (F) Exemplary traces of fEPSPs recorded in cortical layers
2/3 of WT and KO slices before and after columnar high frequency
stimulation. (G) LTP recordings from WT and KO slices did not reveal
genotype dependent differences in the potentiation of cortical fEPSP
amplitudes after high frequency stimulation. *p < 0.05.
Based on the alterations in short-term plasticity upon
disruption for Slc4a10, we expected enhanced LTP in Slc4a10
KO slices. However, Slc4a10 deletion did not alter the levels
of LTP in the hippocampus, neither when recorded in the
stratum radiatum nor in the stratum pyramidale, and also not
in the cortex. Long-lasting changes in postsynaptic excitability
such as LTP in principal CA1 hippocampal neurons require
AMPA-receptor mediated activation of postsynaptic NMDA-
receptors (Bliss and Collingridge, 1993) and structural changes
at synapses (Engert and Bonhoeffer, 1999; Malenka and Bear,
2004). GABAergic inhibition has a profound effect on the
depolarization of the postsynaptic neuron and hence NMDA-
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receptor activation in response to the tetanic stimulation
(Wigström and Gustafsson, 1983; Lu et al., 2000). Nevertheless,
the influence of GABAergic inhibition on LTP of excitatory
responses appears to be stimulation-dependent (Chapman et al.,
1998) and can occur in the absence of both inhibitory and
excitatory GABAergic signaling (Debray et al., 1997). Under
conditions of high-frequency stimulation GABAB autoreceptor
mediated suppression of GABA release is known to promote the
induction of LTP (Davies et al., 1991). However, these effects may
be blunted in Slc4a10 KO mice.
Outlook
While K+/Cl− co-transporters have been extensively studied for
their role in regulating neuronal excitability under physiological
and pathophysiological conditions (Blaesse et al., 2009), the
role of Slc4 bicarbonate transporters in regulation of neuronal
excitability and synaptic activity has mostly been neglected.
In light of the evidence that bicarbonate transporters of the
SLC4A family including SLC4A10 are involved in seizure
disorders (Gurnett et al., 2008; Krepischi et al., 2010; Belengeanu
et al., 2014), a better understanding of their role for synaptic
transmission is desirable to get a more comprehensive view
of neuronal excitability and the pathophysiology of epilepsy
(Chesler, 2003; Leniger et al., 2004).
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